In eukaryotes, genomic DNA is packaged by histones into nucleosomes that further fold to form higher-order chromatin structures. Eukaryotic cells have evolved two major enzymatic mechanisms to modify chromatin structure: (i) ATP-dependent nucleosome remodeling by multiprotein complexes that use the energy of ATP hydrolysis to alter the association of core histones with DNA and (ii) covalent modifications of core histones, including acetylation, that regulate core histone interactions with either DNA, adjacent nucleosomes, or other regulatory proteins (reviewed in references 7, 39, 64, and 74).
In eukaryotes, genomic DNA is packaged by histones into nucleosomes that further fold to form higher-order chromatin structures. Eukaryotic cells have evolved two major enzymatic mechanisms to modify chromatin structure: (i) ATP-dependent nucleosome remodeling by multiprotein complexes that use the energy of ATP hydrolysis to alter the association of core histones with DNA and (ii) covalent modifications of core histones, including acetylation, that regulate core histone interactions with either DNA, adjacent nucleosomes, or other regulatory proteins (reviewed in references 7, 39, 64, and 74) .
Reversible acetylation of specific lysine residues within the N-terminal tails of nucleosomal core histones has long been correlated with changes in chromatin that occur during transcription, replication, and DNA repair in vivo (reviewed in references 7, 61, and 65). Significant progress in understanding the role of nuclear histone acetylation came from the findings that the Saccharomyces cerevisiae transcription coactivator GCN5, and more recently other yeast and metazoan transcription cofactors, are histone acetyltransferases (HATs) and that several transcription corepressor complexes have histone deacetylases as integral subunits (reviewed in references 4 and 10) . HATs differ in substrate specificity and may also modify nonhistone regulatory proteins, as originally demonstrated for p53 acetylation by p300 (27) . Many nuclear HATs are also part of large multiprotein assemblies. These include yeast SAGA (SPT-ADA-GCN5 acetylase), ADA, NuA3, NuA4, and Elongator complexes, yeast and metazoan TFIID complexes, and human TFTC (TATA-binding protein [TBP]-free TBP-associated factor II [TAF II ]-containing complex), PCAF, STAGA (SPT3-TAF II 31-GCN5L acetylase), TIP60, and TFIIIC complexes (reviewed in references 10 and 24).
In yeast, GCN5 is an integral subunit of at least two distinct multiprotein HAT complexes, the ADA and SAGA complexes, that acetylate histones H3 and H2B within nucleosomes (25) . The yeast SAGA complex is composed of (i) ADA adapter (coactivator) proteins (ADA1, ADA2, ADA3, ADA4
[GCN5], and ADA5 [SPT20]), (ii) SPT proteins (SPT3, SPT7, SPT8, and SPT20 [ADA5]), (iii) a subset of the yeast TAF II s (yTAF II s) (yTAF II 17/20 , yTAF II 25 , yTAF II 60 , yTAF II 61/68 , and yTAF II 90), and (iv) a protein, Tra1, that is structurally related to members of the ATM/DNA-PK/phosphatidylinositol 3-kinase family (reviewed in references 10, 24, and 78). The ADA complex shares GCN5, ADA2, and ADA3 with SAGA but lacks all other SAGA subunits and has ADA-specific components (20) . The SAGA complex, but not the ADA complex, interacts directly with various activators and potentiates activation domain-specific transcription in an acetyl coenzyme A (acetyl-CoA)-dependent manner on nucleosomal arrays in vitro (34, 72, 76) .
Mammalian homologs of yeast GCN5 include PCAF and GCN5L (12, 62, 79, 82) . PCAF and GCN5L proteins are encoded by distinct genes, and their expression is differential and complementary in various tissues (79, 82) . However, GCN5L is essential for mouse development, whereas PCAF is dispensable (80, 81) . Human GCN5L (hGCN5L) and PCAF form part of three distinct multiprotein HAT complexes: PCAF complex (54) , TFTC (8) , and STAGA (46) . While still incompletely characterized, these human HAT complexes preferentially acetylate histone H3 and have related but not identical subunit compositions. All contain homologs of yeast SAGA subunits and a subset of TAF II s that were originally found in TFIID but clearly lack TBP (reviewed in reference 24). Apart from a TFIID-like function for TFTC in transcription from "naked" DNA templates in vitro (77) , the functions of these human TAF II -HAT complexes remain still largely unknown. More generally, the recent observations that yeast and metazoan transcriptional adapters and HATs are within large multiprotein complexes raises important questions as to the role(s) of the remaining protein subunits and whether HAT complexes have additional functions.
In the present study we report the identification of most of the protein subunits of the human STAGA complex. These include novel human proteins similar to yeast SAGA components. In addition, we show that human STAGA preferentially acetylates histone H3 within nucleosomes and mediates in vitro transcriptional activation by the chimeric Gal4-VP16 activator on a chromatin template through direct physical interactions with the VP16 activation domain. Furthermore, we demonstrate an association of STAGA in HeLa cells with spliceosome-associated protein 130 (SAP130) and with UVdamaged-DNA-binding factors, suggesting the possibility of additional functions for STAGA in transcription-coupled premRNA splicing and DNA damage repair in vivo.
EMSA. For electrophoretic mobility shift assays (EMSA), the probe was a 239-bp HindIII DNA fragment from plasmid pG5T ϩ I ϩ that had been labeled with Klenow enzyme and [
32 P]dCTP and either mock irradiated or UV irradiated at 254 nm using a UV-Stratalinker (Stratagene) at 5,000 or 15,000 J/m 2 . The binding reactions were performed at 25°C for 30 min with 0.1 ng of labeled probe and 4 to 5 l of M2-purified STAGA or mock control fraction in a final volume of 8 to 10 l containing 10 mM Tris-HCl (pH 7.9), 20 mM HEPES (pH 7.9), 10% glycerol, 50 mM KCl, 15 mM NaCl, 4 mM MgCl 2 , 5 mM DTT, 4 g of BSA, 0.025% NP-40, 0.25 mM EDTA, 20 ng of poly[d(I-C)], and unlabeled UVirradiated or mock-irradiated competitor DNA. For antibody supershift assays, STAGA was preincubated with 0.5 l of diluted antisera (1:20 dilution in BC100 plus 0.5 mg of BSA per ml) for 15 min on ice before addition to binding reactions. Binding reactions were analyzed on 5% PAGE gels in TGE buffer (25 mM Tris-HCl, 190 mM glycine, 1 mM EDTA [pH 8.3] ).
RESULTS
Affinity purification of the human STAGA complex. To further characterize the human STAGA complex, HeLa cell lines that stably express ectopic fh:SPT3 and fh:TAF II 31 were established. Anti-FLAG immunoaffinity chromatography was used to purify epitope-tagged STAGA from nuclear extracts of fh:SPT3-expressing cells. Purified STAGA contained, besides fh:SPT3 (identified by immunoblotting and MS), at least 17 additional SPT3-associated factors (STAFs) (Fig. 1A , lane 2) that were absent in the mock-purified fraction derived from nuclear extracts of control (untransfected) HeLa cells (lane 1).
Furthermore, STAFs remained specifically associated with fh: SPT3 after a subsequent purification on an anti-HA immunoaffinity resin (lane3) and coimmunopurified with untagged hSPT3 from nuclear extracts of fh:TAF II 31-expressing cells (see below; see Fig. 3 ). Most STAFs also copurified during ion-exchange and protein-affinity chromatography and cosedimented in a glycerol gradient (see below; see Fig. 5 and 6 ; also data not shown). These data indicate that hSPT3 is in a large multiprotein complex with TAF II 31 and other STAFs.
Identification of STAGA components. Identification of most STAFs was performed by MS and by searching the NCBI nonredundant and dBEST databases with the mass spectral data (see Materials and Methods). The results are summarized in Fig. 1B and described in more detail below. The complete list of peptide sequences can be found in Materials and Methods. The identity of most STAGA components was further verified by immunoblot analyses using specific antibodies (see below).
STAGA contains the transcription-transformation cofactor TRRAP, hGCN5L acetylase, novel human ADA-like and SPTlike cofactors, and a subset of TAF II s. The STAF400 protein band yielded six distinct peptide sequences corresponding to the TRRAP protein. TRRAP is an ATM-related protein that was originally identified through its interaction with the c-Myc and E2F1 transcription activation domains and that has been implicated in c-Myc-mediated oncogenic transformation in vitro (47) . TRRAP is also present in human PCAF complex, TFTC, and TIP60 HAT complexes (8, 35, 73) , and a yeast homolog, Tra1, is a subunit of the SAGA and NuA4 HAT complexes (3, 26, 59) .
The STAF97 band yielded four peptide sequences belonging to hGCN5L. Two (TLPENLTLEDAK and SHPSAWPFME PVK) are specific for hGCN5L. This is consistent with previous demonstrations that PCAF is either present in very small amounts or absent in HeLa cells (45, 62, 79) .
The clustered STAF65 protein bands correspond to three distinct proteins (STAF65␣, -␤, and -␥). STAF65␣ (eight peptide sequences) and STAF65␤ (two peptide sequences) are, respectively, the PAF65␣ and PAF65␤ subunits originally found in the human PCAF complex. PAF65␣ and PAF65␤ share significant sequence similarities, respectively, with human TAF II 80 and TAF II 100, suggesting similar functions (53) . Consistent with this, the yeast SAGA complex lacks PAF65 homologs but instead contains yeast TAF II 60 and TAF II 90, the bona fide homologs of human TAF II 80 and TAF II 100, respectively.
STAF65␥ was identified by the peptide sequence YWGEIPI SSSQTNR and is encoded by a gene (KIAA0764) of unknown function. BLAST searches of the NCBI protein databases revealed similarities with the yeast SAGA subunit SPT7. Alignment of both proteins using a MacVector program indicated that STAF65␥ is similar (20% identity and 38% similarity) over its entire length to the yeast SPT7 C terminus, which includes a histone fold domain ( Fig. 2A) . This might suggest a function for STAF65␥ within the STAGA complex comparable to the role of yeast SPT7 in maintaining the integrity of the SAGA complex (22, 25) .
The STAF54 protein band contained the hADA3 peptide sequence VLEAETQILTDWQDK. In addition, two forms of hADA2 with distinct electrophoretic mobilities on SDS-PAGE were also found in STAGA by Western blotting with specific antibodies (Fig. 3C ). Whether this represents posttranslational modifications of hADA2 remains to be determined.
Analyses of the STAF42 protein band yielded five different peptide sequences for a novel human protein. A complete STAF42 amino acid sequence was assembled from several overlapping expressed sequence tags and human genomic sequences on chromosome 1q24-25 (GenBank accession numbers AL008639 and AL009182). STAF42 is a 335-amino-acid protein with a calculated molecular mass of 37.4 kDa and an estimated pI of 7.06. BLAST searches of the NCBI protein databases and a MacVector program alignment indicated an overall 37% similarity (19% identity) between human STAF42 and yeast ADA1 (Fig. 2B) . Yeast ADA1 contributes to the structural integrity of the SAGA complex (63) 31 that is specifically enriched in STAGA but absent in highly purified TFIID (data not shown). Significantly, in contrast to the TFTC complex, epitope-tagged STAGA lacks all the high-molecular-weight TAF II s (Fig. 3B, lane 2) , including TAF II 250, -150, -135, -100, -80, and -55. This is in agreement with, and extends, previous observations for the untagged endogenous STAGA (46) .
Immunopurification of TAF II 31-containing complexes from HeLa cells expressing fh:TAF II 31 confirmed its association with endogenous SPT3 and most STAFs, as well as with TFIID subunits (Fig. 3A and B and data not shown). Moreover, all the major proteins that coimmunopurified with fh:TAF II 31 can be accounted for by subunits present in either TFIID or STAGA ( Fig. 3A and B) . In summary, the STAGA composition described above demonstrates that STAGA is highly related to the yeast SAGA complex and more or less similar to the human PCAF complex but is different from the TFTC and TFIID complexes.
Specific in vivo association of STAGA with a pre-mRNA splicing factor. A total of 21 different tryptic peptide sequences identified STAF130 as the recently characterized SAP130. The specific association of SAP130 with highly purified STAGA was confirmed by Western blot analyses ( from control HeLa nuclear extracts (lane 2). SAP130 is a component of the splicing factor complex SF3b, a submodule of the 17S U2 snRNP particle (17) . Interestingly, significant amounts of STAF130 (SAP130) were associated with STAGA after two successive immunopurification steps (Fig. 1A , lane 3) at salt concentrations (300 to 400 mM KCl) that are known to disrupt SF3b association with U2 snRNP (6) . Under these conditions, none of the STAFs that have been analyzed contained peptides belonging to other SF3b-U2 snRNP subunits. Moreover, significant amounts of SAP130 in the nuclear extract were also specifically coimmunoprecipitated with fh:SPT3 under more physiological salt concentrations (100 to 150 mM KCl) that are known to preserve the association of SF3b with the U2 snRNP particle (see Fig. 7C ). SAP130 did not merely interact with overexpressed free fh:SPT3 but was preferentially associated with fh:SPT3-STAF complexes. Indeed, S-Sepharose fractionation of immunopurified STAGA separated free fh:SPT3 (found in the column flowthrough) from bound fractions that contained SPT3-STAF complexes and most of SAP130 (Fig. 6C ). However, small amounts of SAP130 were also detected in the flowthrough fraction and STAGA-s could also be isolated (see below; see Fig. 5A and Fig. 6C ). Furthermore, immunoblot analyses demonstrated that SAP130 also coimmunoprecipitated with fh:TAF II 31 (data not shown). Altogether, these data demonstrate an interaction of SAP130 with STAGA in vivo and suggest that SAP130 might not be as tightly associated with STAGA as the other STAF subunits.
STAGA is an acetyl-CoA-dependent transcription coactivator on a chromatin-assembled template in vitro. The existence of at least three different human SAGA-like complexes (i.e., PCAF complex, TFTC, and STAGA), and the fact that splicing factors have so far not been described in association with any other coactivator and/or HAT complex, raised the question of whether STAGA is involved in transcription regulation in a manner similar to that of the yeast SAGA complex or whether it is a specialized human complex dedicated to other RNA, DNA, or chromatin transactions.
We originally addressed a possible transcription function of STAGA by using various nonchromatinized (naked) DNA templates and either crude nuclear extracts immunodepleted of both TFIID and STAGA or systems reconstituted with purified general transcription factors and RNA polymerase II. In all cases we were unable to observe STAGA-dependent transcription in the absence of TFIID or TBP (data not shown). This further differentiates STAGA from TFTC, which was shown previously to have TFIID-like functions (77) . Furthermore, STAGA neither influenced basal transcription nor potentiated activator (Gal4-VP16)-dependent transcription in crude nuclear extracts and in PC4-dependent purified systems containing either TFIID or TBP; moreover, addition of acetylCoA had no effect in these systems (data not shown; also see below).
We then investigated whether STAGA might function primarily at the chromatin level. In agreement with previous observations (46) purified STAGA preferentially acetylated histone H3 in equimolar mixtures of all four free core histones (Fig. 4A, lane 1) . Moreover, immunopurified STAGA (Fig. 4,  lane 3) , but not the control mock-purified fraction (lane 2), also acetylated predominantly H3 within nucleosomes, albeit with a lower efficiency (compare lanes 1 and 3). To test for a possible transcription function of STAGA on chromatin in vitro, a plasmid DNA containing five Gal4-binding sites upstream of the adenovirus major late core promoter and a G-less cassette (G5-MLP) was assembled into nucleosome arrays by using a Drosophila embryo S190 assembly extract complemented with purified HeLa core histones. The nucleosomal G5-MLP template ("crude chromatin") was either used directly in transcription reactions or further purified by gel filtration. This step removes S190 factors (including HATs, acetyl-CoA, and ATP) that are present in the assembly reaction but does not completely remove ATP-dependent chroma- VOL. 21, 2001 HUMAN STAGA COACTIVATOR-HAT COMPLEXtin remodeling activities (19) (see below). Agarose gel analysis of the purified G5-MLP chromatin template digested with micrococcal nuclease indicated a circa-180-bp regular DNA ladder, which confirmed the assembly of 19 physiologically spaced nucleosomes on the G5-MLP plasmid (Fig. 4B ). Similar to previous observations with a different activator (retinoic acid receptor/retinoid X receptor) and coactivator (p300ϩTIF2) (19) , and also with unpurified chromatin templates and HeLa nuclear extract as a source of general and basal transcription factors, we observed robust activation by the potent chimeric activator Gal4-VP16 that was completely dependent on the VP16 activation domain but was not further stimulated by the addition of purified STAGA (data not shown). Purified chromatin was then used to specifically address a potential role of STAGA in transcription activation by Gal4-VP16. Purified G5-MLP (chromatin or plasmid) DNA templates were preincubated in the presence or absence of Gal4-VP16, purified STAGA, and acetyl-CoA (note that ATP was added during the acetylation step in all reactions), and transcription was initiated by the addition of nuclear extract and nucleoside triphosphates (Fig. 4C) . As expected, efficient basal transcription and strong (117-fold) activation by Gal4-VP16 were observed from the naked G5-MLP DNA template in the absence of added STAGA (Fig. 4D, lanes 10 and 11) . Addition of immunopurified STAGA, in the presence of acetyl-CoA, had no significant effect on either basal or activated (93-fold) transcription from this naked DNA template (Fig. 4D, lanes 12 and 13) . In stark contrast, the purified G5-MLP chromatin template was transcriptionally silent in reactions lacking immunopurified STAGA, in both the absence and presence of Gal4-VP16 and acetyl-CoA (Fig. 4D,  lanes 2 to 5) . Addition of immunopurified STAGA to reactions lacking acetyl-CoA also failed to activate transcription from the chromatin template (Fig. 4D, lanes 8 and 9) . However, in the presence of acetyl-CoA, immunopurified STAGA stimulated transcription from the G5-MLP chromatin template in a Gal4-VP16 activator-dependent manner (Fig. 4D, lanes 6 and  7) . Under the same conditions, addition of a control mockpurified fraction had no effect (lane 1). Interestingly, the coactivator activity of STAGA appears to require the function of ATP-dependent chromatin remodeling factors endogenous to the system since no transcription was observed when ATP was omitted during the acetylation and preinitiation complex formation steps (data not shown).
Since STAGA-mediated transcription activation was dependent on the presence of the Gal4-VP16 activator, we investigated the possibility that STAGA could be recruited to the promoter via direct interactions with the VP16 activation domain. As shown in Fig. 5A , purified STAGA bound efficiently to a GST-VP16 fusion protein immobilized on glutathioneagarose (lane 3) but not to the control GST resin (lane 2). Interestingly, SAP130 appeared to bind less tightly than the other STAGA subunits to the GST-VP16 resin (Fig. 5A) and, unlike most other subunits, did not remain associated with GST-VP16 after more extensive washes of the resin (Fig. 5A , middle and bottom panels). To further assess the relative strength and specificity of the STAGA-VP16 interaction, we compared the recruitment by immobilized GST-VP16 of endogenous (untagged) STAGA and other previously reported VP16-interacting factors in a crude HeLa cell nuclear extract. As shown in Western blot analysis (Fig. 5B) , all STAGA subunits tested (including SAP130) were specifically recruited from nuclear extracts by GST-VP16 (lane 3) but not by the GST control resin (lane 2). Moreover, STAGA subunits (with the exception of SAP130) were highly enriched in the GST-VP16-bound fraction (lane 3) compared with the input nuclear extract (lane 1). As expected, RNA polymerase II and components of the TRAP (SMCC) coactivator complex (36) were also specifically recruited by the GST-VP16 resin (Fig. 5B , compare lanes 2 and 3) but were only moderately enriched in the VP16-bound fraction (compare lanes 1 and 3). TFIIB and TFIIH (Fig. 5B) were also specifically recruited (compare lanes 2 and 3) but were not enriched compared with the input nuclear extract (lanes 1 and 3) . Strikingly, under the same conditions, TBP and TFIID-specific TAF II s did not interact significantly (or interacted only very weakly) with GST-VP16 (Fig. 5B, lanes 3) . Altogether, these results demonstrate that STAGA is a bona fide transcription coactivator on chromatinassembled promoters in vitro.
STAGA interacts in vivo and in vitro with UV-damaged-DNA-binding proteins. The STAGA-associated protein SAP130 belongs to a family of structurally related proteins that include the 160-kDa cleavage and polyadenylation specificity factor (CPSF160) and the UV-damaged-DNA-binding protein DDB1 (13, 17, 48) . In fact, SAP130 is more closely related in amino acid sequence to DDB1 (22% identity) than to CPSF160 (47) (data not shown). The 127-kDa DDB1 and the 48-kDa DDB2 pro- 
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HUMAN STAGA COACTIVATOR-HAT COMPLEXteins interact to constitute the active UV-damaged-DNA-binding factor UV-DDB (reviewed in reference 66). The striking structural similarity between SAP130 and DDB1 suggested the possibility of common interacting target factors and/or a function of SAP130 in recognition of UV-damaged DNA. Thus, we tested for UV-damaged-DNA-binding activity in purified STAGA. By EMSA we detected a UV dose-dependent DNAbinding activity that was specifically associated with immunopurified STAGA, compared with the M2 mock-purified fraction (Fig. 6A, lanes 1 to 3 versus 4 to 6 ). This activity was competed specifically with DNA that had been UV irradiated (Fig. 6B, lane 3) but not with nonirradiated DNA (lane 4). The same results were obtained by using unrelated DNA probes, indicating that the binding is independent of DNA sequence and length (data not shown).
To address whether SAP130 is required for the UV-dependent DNA-binding activity associated with STAGA, we fractionated immunopurified STAGA by ion-exchange chromatography on S-Sepharose (Fig. 6C) . Whereas most STAGA bound to S-Sepharose, excess free fh:SPT3 and small amounts of SAP130 did not (Fig. 6C, lane FT) . Elution of STAGA subunits with increasing salt concentrations allowed the isolation of three major STAGA populations that differed in the relative stoichiometry of their SAP130 and GCN5L subunits. The 150 mM KCl fractions (Fig. 6C, lanes 1 to 4) had substoichiometric amounts of GCN5L compared to SAP130 and other STAFs. STAGA in the 200 mM KCl fractions (lanes 5 to 8) had apparently stoichiometric amounts of both SAP130 and GCN5L, whereas the 400 mM KCl fractions (lanes 9 to 12) had substoichiometric amounts of SAP130 compared to GCN5L and other STAFs. Representative fractions of each step elution (i.e., fractions 3, 6, and 10) having similar concentrations of TRRAP, fh:SPT3, STAF42, STAF36, and TAF II 20 were tested for UV-dependent DNA-binding activity. As shown in Fig. 6D (left panel), the high-salt STAGA fraction 10, which contained substoichiometric amounts of SAP130, was enriched in UVdependent DNA-binding activity (lanes 8 and 9), but other fractions containing SAP130, including the Sepharose unbound fraction, were inactive (lanes 2 to 7). This was not due to the presence of inhibitory activities in fractions defective in DNA-binding, because their addition to fraction 10 had no effect (data not shown). Similar results were obtained after peak fractions of each step elution were pooled (data not shown). These results demonstrate that SAP130, in the absence of most STAGA components (i.e., in the S-Sepharose unbound fraction), has no detectable UV-dependent DNAbinding activity. Moreover, the concentration of SAP130 in STAGA-containing fractions inversely correlated with the STAGA-associated UV-dependent DNA-binding activity. To further confirm this, we purified STAGA-s by first fractionating nuclear extracts of fh:SPT3-expressing cells on S-Sepharose. The column was washed extensively, and bound proteins were eluted with buffer containing 200 and 400 mM KCl. STAGA in the 400 mM KCl eluate was directly affinity purified on M2-agarose (Fig. 6C, right panel) . This SAP130-free STAGA-s complex had the highest UV-dependent DNA-binding activity, which resulted in the appearance of a secondary (B2) complex by EMSA (Fig. 6D, lanes 10 and 11) .
These data suggested that a protein(s) different from SAP130 was responsible for the UV-dependent DNA-binding activity in STAGA. We tested for the presence of the bona fide DDB1 protein in the protein-DNA complexes observed with STAGA-s by using specific anti-DDB1 antibodies in electrophoretic mobility supershift assays. The UV-dependent B2 complex formed by STAGA-s was supershifted specifically by an anti-DDB1 (peptide 2) antiserum (Fig. 7A, lane 7) that efficiently recognizes native DDB1 but not by either normal rabbit serum (lane 5) or an anti-DDB1 (peptide 1) antiserum (lane 6) that is inefficient in recognizing native DDB1 (42) . Consistent with the association of DDB1 with STAGA-s puri- fied under high-salt conditions (see above), Western blot experiments confirmed that DDB1 in nuclear extracts of fh: SPT3-expressing cells also coimmunoprecipitated with fh:SPT3 and hGCN5L under more physiological salt concentrations (Fig.  7B, lane 2) .
It has been reported previously that, at high enough concentrations, UV-DDB forms two protein-DNA complexes (B1 and B2) with UV-irradiated DNA that are both dependent on DDB1 and DDB2 subunits (21, 33, 51) . However, antibodies to tagged DDB1 can supershift only the B2 complex (33) . This also was observed with the UV-DDB activity in STAGA when probed with the anti-DDB1 (peptide 2) antibody (Fig. 7A, lane  7) and further suggested that DDB2 was also associated with STAGA. In agreement with this, immunoprecipitation of fh: SPT3 containing STAGA also coimmunoprecipitated DDB2 from nuclear extracts (Fig. 7C, lane 2) . Under the same conditions, other nuclear factors, including TFIIE (Fig. 7C ) and CPSF160 (data not shown), were not associated with fh:SPT3. To further confirm the interaction in vivo of UV-DDB with STAGA, HeLa cells were transiently transfected with an expression vector encoding FLAG-tagged DDB1 (f:DDB1). Immunoprecipitations with M2-agarose (Fig. 7D ) demonstrated a specific association of endogenous hGCN5L and hSPT3 with f:DDB1 in nuclear extracts of transfected (lane 2) but not untransfected (lane 3) cells. As a control, another very abundant chromatin-modifying enzyme, poly-ADP-ribose polymerase, was not immunoprecipitated with f:DDB1 (Fig. 7D, lane  2) . These results show that UV-DDB components interact in vivo with STAGA. Under the conditions used, however, only substoichiometric amounts of endogenous UV-DDB components were purified in association with STAGA, which contrasts with the efficient copurification of SAP130.
Finally, we asked whether immobilized GST-DDB1 fusion protein could recruit endogenous STAGA from HeLa cell nuclear extracts. As shown by Western blot analysis (Fig. 7E) , GST-DDB1 (lane 2), but not a control GST resin (lane 1), bound DDB2 (bottom panel), hGCN5L (top panel), hSPT3 (middle panel), and TAF II 31 (data not shown). A number of other transcription factors, including components of the TRAP (SMCC) complex (TRAPs 230, 240, and 80), TFIIA, TFII-I, and TFIIIB90, were not detected in the bound fraction of the GST-DDB1 resin. Notably, GST-DDB1 also failed to recruit SAP130 (data not shown). This, however, correlates with the above observation that purified STAGA complexes lacking SAP130 are enriched in UV-DDB activity (Fig. 6C and D) . In conclusion, these results demonstrate a specific interaction, in vitro and in HeLa cells, of the DNA damage recognition and repair factor UV-DDB with STAGA and suggest that UV-DDB might preferentially interact with a form of STAGA that is not associated with SAP130.
DISCUSSION
This report presents the purification, structural characterization, and functional analysis of the human STAGA complex. We demonstrate that STAGA is a coactivator complex that potentiates, in an acetyl-CoA-dependent manner, activatordependent transcription in vitro on chromatin templates. Furthermore, we show specific interactions of STAGA with premRNA splicing and UV-damaged-DNA recognition and repair factors in vivo. These results provide the first evidence for a direct association of a component of the general splicing machinery with a transcription coactivator complex and suggest additional roles of STAGA in nucleosomal histone acetylation during DNA damage recognition and/or repair of chromatin in vivo.
Structural relationships of human STAGA to yeast SAGA, other human SAGA-like complexes, and TFIID. The subunit composition of STAGA reveals a striking complexity and structural resemblance to the yeast SAGA and the human PCAF and TFTC complexes. STAGA appears to be more closely related to the PCAF complex than to the TFTC complex. Indeed, besides their different HATs (hGCN5L versus PCAF), STAGA and PCAF complexes share many subunits that include hSPT3, hADA2, hADA3, PAF65␣, PAF65␤, TAF II 31, TAF II 30, TAF II 20/15, and TRRAP. Only a subset of these (hGCN5L, hSPT3, hADA3, PAF65␤, TAF II 31, TAF II 30, TAF II 20/15, and TRRAP) were also found in the human TFTC complex. Moreover, both STAGA and PCAF complexes lack high-molecular-weight TAF II s (i.e., TAF II 55, TAF II 80, TAF II 100, TAF II 135, and TAF II 150) that are uniquely shared by TFTC and TFIID (8) . Consistent with this, and in contrast to the TFIID-like function of the TFTC complex (77), STAGA could not substitute for TFIID in our in vitro transcription assays.
We also report the identification within STAGA of two novel histone fold-containing protein subunits: STAF65␥, which is encoded by the KIAA0764 gene of previously unknown function, and STAF42, a novel histone H2A-like protein. STAF65␥ and STAF42 have significant similarity, respectively, to SPT7 and ADA1 components of the yeast SAGA complex. Thus, our results show that all yeast SAGA subunits described so far, with the notable exception of SPT8 and SPT20 (ADA5), have human counterparts within STAGA, suggesting that human STAGA is a bona fide functional homolog of yeast SAGA (see also below). Note that it remains possible that homologs of yeast SPT8 and SPT20 are among the few STAF proteins that were not analyzed by MS.
The 130-kDa STAGA-associated factor was identified as SAP130 (see below). The corresponding yeast homolog (Rse1p) has not yet been reported to interact with yeast SAGA, which could point to a potentially significant difference between human and yeast cells. Alternatively, by analogy to the relatively loose association of SAP130 with human STAGA, Rse1p might also dissociate during the multiple chromatographic steps required to purify the native SAGA complex.
The relatedness of STAF42 to histone H2A and TAF II 135 also suggests the presence of a histone octamer-like structure within STAGA similar to that proposed for TFIID and yeast SAGA (reviewed in references 22 and 23). Moreover, the structural resemblance between STAGA and TFIID further extends to their association with the structurally related premRNA processing factors SAP130 and CPSF160 and might also indicate a conservation at the functional level (see below).
Transcription coactivator functions of STAGA on chromatin. In accord with the structural similarities of human STAGA to the yeast SAGA coactivator complex, we also have shown that the STAGA complex can be recruited by an acidic activation domain (VP16), acetylates predominantly histone H3 within nucleosomes, and exhibits acetyl-CoA-dependent coac-tivator functions on chromatin templates in vitro (Fig. 4 and 5) . Thus, in a manner similar to that of yeast SAGA (34, 72) , STAGA recruitment by activators might target its nucleosomal acetylation functions to the promoter. The fact that under our conditions STAGA and acetyl-CoA do not influence promoter activity on naked DNA templates, either in nuclear extracts or in purified transcription systems (Fig. 4D and data not shown) , is consistent with a selective requirement of the STAGA HAT activity in nucleosome acetylation. Our in vitro results, however, do not exclude additional roles of STAGA in facilitating or stabilizing activator-chromatin interactions or the possibility that STAGA might also acetylate other nonhistone proteins and/or function as an adapter to help recruit the basal transcription machinery. Consistent with this possibility, several yeast SAGA components have been shown to interact with TBP (TAF II s, SPT3, and SPT8) and acidic activators (ADAs). Furthermore, the largest STAGA subunit, TRRAP, is a protein that interacts with c-Myc and E2F1 transcription activation domains (47) .
Interestingly, the VP16 activation domain recruits preferentially STAGA and components of the TRAP (SMCC) coactivator complex from nuclear extracts relative to components of the general transcription machinery (TBP, TFIIB, and TFIIH) and TFIID-and TFTC-specific TAF II s (Fig. 5B ). This contrasts (but is not incompatible) with earlier observations and models identifying direct interactions of activators with TFIID or TBP, TFIIB, and/or TFIIH as critical steps in activation (reviewed in reference 56). Our observation, however, correlates with (i) the fact that TFIID-specific TAF II s are not generally required for activation in yeast (50, 75) , (ii) the recent demonstration that transcription activation by Gal4-VP16 in crude HeLa nuclear extracts does not require TFIID-specific TAF II s but depends on human SRB7 (53), a component of the TRAP (SMCC) complex (reviewed in reference 45), and (iii) the dependence on yeast SRB4 (a component of the yeast SRB/Mediator complex) for TBP recruitment to promoters that do not require TFIID-specific TAF II s in vivo (43) . The preferential recruitment of STAGA from nuclear extracts by the VP16 activation domain might also suggest a function of STAGA early during the activation process (e.g., in chromatin modification). This would be consistent with the observed ordered recruitment of hGCN5 and general transcription factors to the beta interferon promoter (2) and the requirement in vitro and in certain cases in yeast cells for activator-dependent nucleosome acetylation by GCN5 or SAGA prior to ATPdependent chromatin remodeling at the promoter by the SWI-SNF complex (28, 58) . However, a possible additional role of STAGA or SAGA at later stages cannot be excluded (see above).
STAGA links coactivators to a component of the splicing machinery. A surprising but significant finding is the identification of the spliceosome-associated protein SAP130 as a STAGA-associated factor in vivo. Human SAP130 is a component of the splicing factor SF3b, a U2 snRNP-associated protein complex that is essential for spliceosome assembly (17) and is enriched in nuclear interchromatin granule clusters, or "speckles" (49) . Both SF3b and SF3a complexes associate with the 12S U2 snRNP to form the functional 17S U2 snRNP particle that ultimately stably interacts, in an ATP-dependent manner, with the intronic pre-mRNA branch point site. The precise function of SAP130 is unknown. The fact that SAP130 is the only subunit within SF3b that cannot be UV cross-linked to pre-mRNA in the prespliceosome complex suggests a non-RNA-binding function (reviewed in references 13, 17, and 40). The yeast homolog of SAP130, Rse1p, is essential both for spliceosome assembly in vitro and efficient pre-mRNA splicing in vivo (13) . Intriguingly, while significant amounts of SAP130 were found to be associated with highly purified STAGA (Fig.  1A, lane 3) , other components of SF3b or U2 snRNP were not detected. However, SAP130 is not as stably associated with STAGA as the other bona fide STAF subunits.
What could be the role of SAP130 interaction with STAGA? One possibility is that SAP130, in association with STAGA, has a novel function unrelated to splicing. Alternatively, SAP130 might function as an adapter to link STAGA and transcription regulators to the general splicing machinery. Indeed, premRNA processing events can occur cotranscriptionally through physical interactions of capping, splicing, and 3Ј-end processing factors with the hyperphosphorylated C-terminal domain of the large subunit of RNA polymerase II (reviewed in reference 31). Moreover, a promoter-directed "C-terminaldomain-loading" mechanism might exist to recruit pre-mRNA processing factors during the early transcription initiation and elongation phase, an idea supported by the TFIID-mediated recruitment of CPSF to the elongating RNA polymerase II (16) . The structural similarities between TFIID and STAGA complexes and between their respective associated factors, CPSF160 and SAP130, thus suggest a possible function for STAGA-SAP130 interactions in the recruitment of the general splicing machinery to actively transcribed genes. This is in accord with the recruitment of SAP130 and STAGA components in nuclear extracts by the VP16 transcription activation domain (Fig. 5 ) and is consistent with the recent finding that U2 snRNP is incorporated early into the prespliceosomal E complex in an ATP-independent manner (18) . A role of transcription factors and associated cofactors in the regulation of pre-mRNA splicing is also supported by evidence of promoterdependent alternative splicing in vivo (15) . Moreover, immunofluorescence studies showing a preferential localization of highly acetylated histone H3-containing chromatin at the periphery of interchromatin granule clusters also suggest a possible functional colocalization of STAGA and/or other H3-acetylating HATs with sites of active cotranscriptional splicing in the nucleus (30) .
Interaction of STAGA with UV-DDB and XPE factors involved in DNA damage repair and the hereditary disease xeroderma pigmentosum. We have shown that STAGA associates in HeLa cells with DDB1 and DDB2 components of the UV-damaged-DNA-binding factor UV-DDB. UV-DDB recognizes various DNA-distorting lesions, including those induced by UV irradiation and certain anticancer drugs and has been implicated in global genomic nucleotide excision repair (NER) in vivo, a pathway that includes the repair of the nontranscribed strand of expressed genes (reviewed in references 38 and 66). Missense mutations in the DDB2 gene and the absence of UV-DDB activity are associated with deficient NER in a subset of individuals with the autosomal recessive disease xeroderma pigmentosum of group E (XPE), which is characterized by UV sensitivity and a high incidence of skin cancer (reference 51 and references therein). However, UV-DDB is not required for transcription-coupled NER of transcribed strands in vivo and is not required in vitro for NER in systems reconstituted with purified factors (1) . This has led to the suggestion that UV-DDB might be specifically required in vivo for global genomic NER within chromatin (32, 55, 66) , a notion that is consistent with the inhibition of NER by nucleosomes (reviewed in references 48 and 68). Significantly, additional roles for UV-DDB have also been proposed, including a function as a transcription partner for E2F1 (29) .
The in vivo and in vitro interactions of STAGA with UV-DDB presented here support a role of UV-DDB in DNA repair within chromatin and further suggest possible mechanisms. In a manner analogous to SAGA and STAGA recruitment by promoter-bound activators, the interaction of UV-DDB with STAGA might target the nucleosome acetylase activity of GCN5L to damaged chromatin sites in order to facilitate the assembly and/or function of the NER machinery on nucleosomes. As for transcription activation, a highly stable interaction of STAGA with DDB1 might not be necessary; indeed, only a transient acetylation by SAGA is sufficient to mark nucleosomes for subsequent remodeling by the SWI-SNF complex at the yeast PHO8 promoter in vivo (58) . This also would be consistent with the observed enhanced DNA repair synthesis of hyperacetylated nucleosomes in vivo (57) and the facilitation of NER on synthetic dinucleosomes by the ATPdependent chromatin remodeling factor ACF (71) .
In an alternative (but not mutually exclusive) model, STAGA might preferentially recruit UV-DDB and the basal repair machinery to active genes through acetylation-mediated chromatin unfolding and/or through direct physical recruitment of UV-DDB to the damaged sites. This possibility is consistent with a role of STAGA as a transcription coactivator on chromatin and with previously observed interactions of UV-DDB with viral and cellular transcription activators (29, 42, 44) . In addition, this model might also provide a rationale for the observed efficient repair of nontranscribed promoter and coding sequences in certain genes (references 67, 69, and 70 and references therein) and the surprisingly efficient repair of the nontranscribed strands of active genes in differentiated cells that have an otherwise very inefficient global genomic repair (reviewed in reference 52). In any case, our results suggest a possible role of STAGA in NER within chromatin that parallels recent reports linking components of the human TIP60 HAT complex and the yeast INO80 ATP-dependent chromatin remodeling complex to the repair of DNA breaks in vivo (35, 60) .
In conclusion, we have identified novel histone fold-containing proteins as subunits of the human STAGA complex and shown that STAGA is a transcription coactivator-HAT complex and a bona fide human homolog of the yeast SAGA complex. The intriguing previous observation that DDB1 belongs to a family of structurally related proteins that include CPSF160 and the splicing factor SAP130 raised the possibility of common and/or related roles and interacting factors for these apparently functionally distinct proteins (13, 17) . Our results support this notion by the identification of STAGA as a common interacting partner for DDB1 and SAP130, while CPSF160 might preferentially associate with the related TFIID complex (16). These observations further suggest possible additional functions of STAGA in splicing and DNA repair of chromatin, two processes that are coupled to transcription in vivo.
